Abstract -The amplitudes of shear horizontal plate waves generated by EMATs (electromagnetic acoustic transducers) are measured to obtain estimates of the magnetostriction of a steel specimen.
INTRODUCTION
This work demonstrates a novel application of ultrasound: measurement of magnetostriction, the change of length of a ferromagnetic material that accompanies a change in magnetization. The technique uses noncontacting electromagnetc acoustic transducers (EMATs), which opens the possibility of using this technique to measure magnetostriction in instances where it is not practical to attach strain gages, for example, w i t h fragile, thin films or hot plates.
Estimates of magnetostriction are obtained by measuring the amplitude of EMAT-generated plate waves. Thompson [l-31 has shown that fundamental shear horizontal (S&) waves can be generated magnetostrictively with the arrangement shown in Figure   I . where h is the magnetostriction coefficient (the longitudinal strain due to &).
EXPERIMENTAL TECHNIQUE
The amplitude of propagating waves generated magnetostrictively by EMATs was measured with the arrangement shown in Figure   2 The amplitude of the S& wave transmitted directly from the EMAT to the edge of the sample was monitored as the magnetic field was decreased from high levels.
The B-H curve and transverse incremental permeability were measured separately, and h was measured using strain gages. Details of these measurements were reported in a previous work [4] .
RESULTS AND DISCUSSION
0.08 cm plate of ultralowarbon steel that was hotMeasurements were performed on a 26 x 13 x and cold-rolled and annealed. The top surface of the sample was wet-ground with 400 grit sandpaper and S& wave amplitudes are shown in Figure 3 as a fimction of both the applied static magnetic field and the current in the transmitter EMAT. The curves have been normalized with respect to their high-field amplitudes, which rise linearly with EMAT current (in accordance with Equation (l) , since h is proportional to the current). A 180' phase change occurs near the local minima of the curves between 3 and 11 W m . Substitution of measurements of h and p into Equations (1) and (2) yields a curve that agrees well with the wave amplitudes at near-saturation fields, but, as expected, not at low fields (see Figure 3) . The calculated wave amplitude can be improved somewhat by using an alternative expression for &&3& that applies even when the axis of magnetostrictive tension does not rotate parallel with the magnetic field. Such an expression is calculated below under two assumptions: (1) the rotating tensile strain has the same magnitude as static tensile strain h, and (2) the tension axis rotates parallel with the magnetization. With the tension axis oriented at angle e with respect to the y-axis (see Figure 4) , the shear strain E., is = x h sin(2e). indicates that, as the tension axis is rotated, the magnitude of the tensile strain falls below static tensile strain X.
The drop of the relative height of the peak with decreasing EMAT currents (below 5 A) may be due to H, rotating domain magnetizations less effectively as H, decreases. When the static field is near K-, domain magnetizations are aligned close to crystalline <lOO>-type easy directions of magnetizations, and magnetic anisotropy forces oppose rotation of domain magnetizations away from these directions. On the other hand, too large an H, also decreases the relative height of the peak, as observed when the EMAT current is raised from 5 A to 25 A. We speculate that, as the angle of rotation is increased, the magnitude of magnetostrictive tension is reduced more, hence, leading to smaller wave amplitudes. Different signs are assigned to results calculated from wave amplitudes above and below local minima. The local minima of the wave amplitudes give points of discontinuity in ;L; hence, calculations of 1 in the neighborhood of these points are excluded in Figure  5 , on the basis of being unphysical. Also, when the EMAT current is 25 4 the calculation of X diverges at low static fields (due to B&, K) approaching unity), and points in the neighborhood of this divergence also are excluded from the figure.
The best estimate of the magnetostriction is obtained with data measured with an EMAT current of 5 A. While this estimate agrees with the straingage measurement at near-saturation fields, it is shifted below the strain-gage measurement at low fields, The reason for the discrepancy at low static fields is the same as the explanation for the discrepancy between measured and calculated wave amplitudes: at low static fields, the dynamic magnetostriction (from which the estimate is calculated) is related to static magnetostriction in a manner that is beyond the scope of the modeling in this paper. The complications stem from suppression of domain wall motion at high frequencies.
CONCLUSIONS
Measurement of the amplitude of EMATgenerated S& waves provides an ultrasonic method -1 l for measuring the magnetostriction of steel. It is found that measurements with intermediate levels of EMAT currents yield the best estimates of the magnetostriction. Predictions of the relative magnetostriction agree best with strain-gage measurements at near-saturation magnetic fields, and, although the calculations underestimate the maximum magnetostriction, they predict the field at which it occurs.
